INTRODUCTION
============

The invention of the laser, a high-brightness source of coherent light, gave rise to the field of nonlinear optics, with a plethora of nonlinear optical techniques devised and applied to a wide range of problems in science. The recent development of free electron lasers (FELs) now allows us to push nonlinear optics toward shorter wavelengths, from extreme ultraviolet (EUV) to hard x-rays ([@R1]--[@R4]). One fundamental nonlinear process is four wave mixing (FWM), in which three optical fields are brought into interaction in a sample to generate a fourth one. The laser-induced transient grating (TG) technique is a variation of noncollinear FWM, in which two short optical pulses of the same wavelength are overlapped in time and space in the sample to produce a spatially periodic material excitation that is probed via diffraction of a third variably delayed pulse. TG spectroscopy is used to study a wide range of phenomena in condensed matter such as the propagation of acoustic waves ([@R5], [@R6]) and phonon polaritons ([@R7]), thermal transport ([@R8], [@R9]), molecular diffusion ([@R10]), carrier and spin dynamics ([@R11], [@R12]), magnetic recording ([@R13]), charge density waves ([@R14]), laser-plasma interaction ([@R15]), and dynamical behavior of proteins ([@R16]). It is also widely used in materials science for noncontact characterization of elastic and thermal properties. However, the potential of the TG technique for studying nanoscale phenomena has been limited by the fact that the TG period (*L*~TG~) has a lower bound at λ~ex~/2, where λ~ex~ is the excitation wavelength. The use of short wavelengths will greatly expand the capabilities of the TG spectroscopy by allowing to probe high--wave vector excitations and to study transport phenomena on the nanoscale.

Recent studies conducted at the Free Electron laser Radiation for Multidisciplinary Investigations (FERMI FEL) \[Trieste, Italy ([@R17])\] demonstrated TGs excited by femtosecond EUV pulses with wavelengths in the 13- to 30-nm range and probed by an optical pulse ([@R4], [@R18]). However, the optical probing limited the range of TG periods to above λ~pr~/2, where λ~pr~ is the probe wavelength. TGs with shorter periods could be generated by FEL pulses but would be "invisible" to the optical probe because gratings with periods shorter than one-half the wavelength cannot produce diffraction. This limitation can be overcome by introducing a third, noncollinear, and time-delayed EUV pulse derived from the same FEL source to probe the induced dynamics. The first step toward the EUV probe was made in a study ([@R19]) where the diffraction of copropagating and time-coincident FEL harmonics by a TG generated by the fundamental FEL radiation was observed. However, a variably delayed EUV probe pulse is needed to study TG-induced dynamics.

Here, we report the first EUV pump/EUV probe TG (EUV TG) measurements and demonstrate vibrational and thermal lattice responses in silicon and silicon nitride at *L*~TG~'s down to 28 nm. The EUV TG capability has been implemented in the TIMER beamline ([@R20]) at the FERMI FEL. Our results reveal thermal transport kinetics that can now be studied incisively, and we discuss the potential of this new class of experiments for studying structural dynamics, transport phenomena, and magnetism on the nanoscale.

RESULTS
=======

The experimental setup is sketched in [Fig. 1A](#F1){ref-type="fig"}. The output of the FEL source \[40- to 70-fs EUV pulse with high transverse and longitudinal coherence ([@R17])\] is split by a wavefront division beam splitter into excitation and probe beams. The former is further split into two excitation beams (see [Fig. 1, B and C](#F1){ref-type="fig"}) that are then focused and overlapped at the sample to generate a TG with spatial periodicity *L*~TG~ = λ~ex~/2sin(θ), where 2θ is the crossing angle between the excitation pulses. In the present experiment, 2θ was fixed to 27.6°, while λ~ex~ was varied in the 54- to 13.3-nm range to change the periodicity of the EUV excitation pattern; used values of *L*~TG~ were 110, 85, and 28 nm. Because the seeded FEL pulses from FERMI are nearly transform limited, the crossed excitation pulses yield a high-contrast interference pattern extending up to several tens of micrometers, nearly matching the \~100-μm beam spot size. The EUV probe pulse is routed into a delay line (DL) that controls the time delay (Δ*t*) with respect to the TG excitation and whose transmission acts as a bandpass filter at λ~pr~. The probe beam is then focused and spatially overlapped with the excitation beams at the sample. The FEL output contains both the fundamental and high harmonics \[as well as the fundamental output of the first amplification stage when a double cascade FEL generation scheme is used ([@R17])\], and therefore, the excitation and probe wavelengths can be either the same or different, depending on filtering after the splitting. The diffracted probe pulse is detected in transmission geometry and has the shape of a well-defined beam (see [Fig. 1D](#F1){ref-type="fig"}), containing some tens of photons/shot. The signal was averaged over a few thousand shots for each value of Δ*t*, and the FEL repetition rate was 50 Hz. The samples were amorphous silicon nitride (Si~3~N~4~) and crystalline silicon (Si) membranes. Additional details on the experiment are shown in Materials and Methods.

![Experimental setup.\
The setup used in the present experiment is schematically shown in (**A**). The red beams are the excitation pulses (λ~ex~), while the green one is the probe (λ~pr~). The green dashed line downstream is the signal beam. PM1 is a plane mirror used to route half of the beam into the probe's branch line. The latter consists of two additional plane mirrors (PM3 and PM4) and a DL, made out by four multilayer mirrors (not shown) with high reflectivity at λ~pr~; the DL thus also acts as a bandpass filter at λ~pr~. The radiation at λ~pr~ in the branch lines of the excitation pulses is removed by SSFs (SSF~A~ and SSF~B~). The three beams are finally focused at the sample at the desired angles by three focusing mirrors (FM). (**B** and **C**) Sketch of the wavefront division beam-splitting approach. (**D**) Image of the signal beam on the detector.](aaw5805-F1){#F1}

[Figure 2](#F2){ref-type="fig"} displays the EUV TG signal intensity from Si~3~N~4~ as a function of Δ*t* at different values of *L*~TG~. At negative delays, the signal is absent because there is no grating in the sample to diffract the probe beam. The signal appears after Δ*t* = 0 and exhibits a slowly decaying component with modulations, matching the frequency of the longitudinal acoustic waves at the wavelength *L*~TG~. In contrast with experiments with optical probing ([@R4], [@R18]), where the rise time of the signal at Δ*t* = 0 was about equal to the pulse duration, here, the signal rise is slower and depends on *L*~TG~. The maximum signal is delayed by one-half of the acoustic oscillations period, indicating that the dominant contribution to the signal originates from density changes. The slow decaying component can then be ascribed to a "thermal grating," produced by thermal expansion, modulated by the coherent phonon dynamics and decaying via thermal transport ([@R8], [@R18], [@R21]). Both the slow signal decay (red lines in [Fig. 2](#F2){ref-type="fig"}) and the apparent decay of the oscillations are thus related to the thermal equilibration time (τ~th~). While the coherent phonon dynamics can decay with a different time scale and persist beyond τ~th~ ([@R18]), the present data do not allow us to investigate this behavior in detail (see Materials and Methods).

![EUV TG signal.\
Black lines in (**A**), (**B**), and (**C**) are the EUV TG signals from Si~3~N~4~ membranes at *L*~TG~ = 110, 85, and 28 nm, respectively, while the red line through the data is an exponential decay that accounts for the overall signal decay. (**D**) Comparison of the EUV TG signal at *L*~TG~ = 85 nm, sampled with finer steps around the time zero region (black circles connected by lines), with the optically probed EUV TG signal (blue circles connected by lines; in this case, *L*~TG~ = 280 nm and the sample is a 500-nm-thick Si~3~N~4~ membrane); the latter data are scaled to fit in the same scale, the vertical red dashed line indicates Δ*t* = 0, while the red circle encloses the small bump observed at time zero in the EUV TG data.](aaw5805-F2){#F2}

An evident feature of the signal is the almost complete absence of the so-called electronic peak at time zero, when the excitation and probe pulses overlap, which is usually the most intense feature observed in optically probed EUV TG experiments ([@R4], [@R18]). In the data shown in [Fig. 2D](#F2){ref-type="fig"}, this is barely perceivable as a bump (enclosed in the red circle and poorly resolved due to the \~150-fs Δ*t* sampling) on top of the rising edge of the first acoustic oscillation. This behavior is not unexpected, as also observed in EUV-probed optical TG experiments from metallic surfaces ([@R22]), and reflects the fact that the refraction index changes at optical wavelengths are highly sensitive to electronic excitations in the conduction/valence band, while at EUV wavelengths, they are mostly sensitive to changes in the total electronic density. Thus, the EUV TG signal is dominated by the lattice response.

[Figure 3A](#F3){ref-type="fig"} shows the oscillation frequency ν, extracted from a Fourier transform of the signal waveform after subtraction of the slow decay, as a function of the wave vector 2π/*L*~TG~. The expected linear dependence yields a slope that matches the group velocity (*c* = ν *L*~TG~ = 10.3 ± 0.3 km/s) of longitudinal acoustic phonons ([@R23]). [Figure 3B](#F3){ref-type="fig"} displays the thermal relaxation rate τ~th~^−1^ = τ^−1^/2, where τ is the decay time obtained by fitting the data by an exponential function (the factor 1/2 results from the fact that the diffraction signal is proportional to the square of the density grating amplitude). The data fit very well to a quadratic dependence of τ~th~^−1^ on 2π/*L*~TG~, as expected for thermal transport in the diffusive regime ([@R8], [@R18], [@R21]), with a diffusion coefficient *D*~T~ = τ~th~^−1^*L*~TG~^2^/4π^2^ = 470 ± 90 nm^2^/ns that is consistent with the literature data ([@R24]). Further details on the data analysis are reported in Materials and Methods.

![Dispersion of EUV TG signal parameters.\
Full dots are the dispersion relations of the frequency (**A**) and decay rate (**B**) as a function of the EUV TG wave vector (2π/*L*~TG~), as extracted from the data shown in [Fig. 2](#F2){ref-type="fig"}. Red lines indicate the linear and quadratic trends of these two quantities.](aaw5805-F3){#F3}

[Figure 4](#F4){ref-type="fig"} displays the EUV TG signal from Si at *L*~TG~ = 110 nm, while the inset shows the region close to Δ*t* = 0 sampled with 50-fs steps in Δ*t*, confirming the weakness of the electronic response. The oscillation frequency, ν = 75 ± 2 GHz, is in line with the expected longitudinal sound frequency at the TG wavelength. In contrast, the observed thermal decay is much slower than the prediction of the thermal diffusion model, shown by the blue line in [Fig. 4](#F4){ref-type="fig"}. The measured value of τ~th~ = 73 ± 12 ps is more than one order of magnitude longer than the decay time calculated from the thermal diffusivity of Si, i.e., 3.9 ps, resulting into an effective thermal conductivity *k*~eff~ = *L*~TG~^2^ρ*C*/4π^2^τ~th~ \~ 8 W m^−1^ K^−1^ (with ρ as the density and *C* as the specific heat) against a bulk value at room temperature of 150 W m^−1^ K^−1^. In Si, at this length scale, the thermal diffusion model yields an unreasonable result, because the predicted thermal decay time would be shorter than an acoustic cycle, hence implying that heat propagates faster than longitudinal phonons (i.e., the fastest heat carriers). Evidently, the observed heat transport is very far from the diffusive regime, although the ballistic limit is not yet achieved, as the observed thermal decay is still substantially slower than the acoustic wave period.

![EUV TG signal from Si.\
The black line is the EUV TG signal from Si at *L*~TG~ = 110 nm, the red line through the data is an exponential decay that accounts for the overall signal decay, while the blue line is the decay expected according to heat diffusion theory. The inset shows the region close to time zero sampled with finer Δ*t* steps and larger accumulation time to reduce the noise level relative to that in the data shown in the main panel.](aaw5805-F4){#F4}

DISCUSSION
==========

We have demonstrated the capability to generate nanoscale TGs and probe their dynamics in the time domain using noncollinear FEL pulses. The extension to single-digit nanometer TG periodicities is within reach with the present setup by exploiting larger crossing angles and shorter wavelengths. EUV TG experiments will open multiple avenues for studying condensed matter dynamics.

In one aspect, we have demonstrated Brillouin light scattering in the EUV range. While Brillouin scattering of visible and x-ray photons (as well as neutrons) are well-established experimental tools, EUV Brillouin scattering has not been observed because of the lack of EUV spectrometers with high enough spectral resolution (an additional complication being the small scattering volume due to the short absorption length). In the EUV TG approach, this difficulty is circumvented by using stimulated scattering by coherent phonons produced by the excitation pulses and detecting the signal in the time domain. Furthermore, as a time domain technique, it is not subject to limitations due to the instrumental spectral resolution and is advantageous for probing overdamped phonon modes, which may not show up as distinct peaks in the spectra ([@R25]). EUV TG can thus fill the wavelength gap between optical and x-ray/neutron Brillouin scattering ([@R26], [@R27]). The access to these mesoscopic (tens of nanometer) length scales is particularly beneficial for studying structural dynamics in systems without translational invariance, such as liquids and glasses. For instance, the behavior of phonons at a few nanometers wavelength, i.e., on length scales comparable to the postulated spatial fluctuations in the elastic moduli, could be the key for setting long-standing issues related to the thermal behavior of glasses with respect to their crystalline counterparts ([@R28], [@R29]). Another important problem that can be addressed by EUV TG is that of mesoscopic structural dynamics of the hydrogen bond network in water, which is expected to hold information on the remarkable thermodynamic anomalies displayed by this liquid ([@R26], [@R30]). These mesoscopic structural dynamics are also of primary interest for chemical and biological systems, ranging from ionic liquids to gels to biopolymers, and their interactions with aqueous environments. In this context, the concurrent development of ultrafast electron microscopy techniques for studying coherent phonons at the nanoscale is worth mentioning ([@R31], [@R32]). While the use of FEL pulses in a EUV TG scheme warrants higher time resolution and wave vector selectivity in a broad range, the shorter De Broglie wavelength of 100's keV electrons provides higher spatial resolution. One can thus envision combining EUV TG excitation with a time-resolved electron microscopy probe that would take advantage of the wave vector selectivity in the broad range of the former and the superior spatial resolution of the latter.

In another aspect, EUV TG will help to advance studies of nanoscale transport phenomena. For instance, measurements of heat transport over nanoscale distances are currently done with the help of fabricated nanostructures ([@R33]--[@R35]), which complicates the interpretation of the results. In the TG method, the effective heat transfer distance *L*~TG~/π is determined by the excitation pattern, with no need for nanofabrication. The weak sensitivity of the EUV TG signal to electronic excitations additionally simplifies the interpretation of the data. In our measurement on Si~3~N~4~ at *L*~TG~ = 28 nm, the effective heat transport distance is below 10 nm, beyond what is currently possible with nanostructures ([@R33]--[@R35]). The initial EUV TG measurements reported here already yield valuable information: The quadratic dependence of the thermal decay time on *L*~TG~ in Si~3~N~4~ \[a material relevant for several nanotechnological applications ([@R35])\] indicates that the heat transport is in the diffusive regime; hence, the mean free path of heat carriers is shorter than the few tens of nanometer scale. This observation is in contradiction to an intriguing report ([@R35]), which suggests that about half of the heat in Si~3~N~4~ at room temperature is carried by phonons with mean free paths \~1 μm. On the other hand, the remarkable deviation from the diffusive regime observed in Si qualitatively confirms recent results, showing that the Fourier law of heat diffusion fails on the nanoscale, when the heat transfer distance becomes comparable to the phonon mean free path ([@R8], [@R33]--[@R35]). Moderate deviations from the diffusive trend have been found in Si at a distance scale of about 1 μm by optical TG ([@R8]) and ascribed to the transition toward a ballistic regime of heat propagation. EUV TG experiments allow us to probe thermal transport in a strongly nondiffusive regime. The EUV TG method can then be used to study nondiffusive heat transport in Si and other microelectronic materials on the tens of nanometer length scales, most relevant to state-of-the-art microelectronics.

Furthermore, we believe that the EUV TG technique also holds great potential for studying nanoscale magnetic phenomena. EUV light at a wavelength tuned to an absorption edge of a magnetic element has already been demonstrated to be a sensitive probe, via magnetic circular dichroism, for ultrafast magnetic phenomena initiated by optical excitation ([@R36]). We expect that the same effect will enhance the diffraction efficiency of a magnetization grating produced by EUV TG excitation. Writing magnetic domains using optical TG has just recently been demonstrated ([@R13]); the EUV TG technique will allow writing domains as narrow as some nanometers and study of the dynamics of the magnetization switching process. We also envision studying ultrafast spin diffusion over the tens of nanometer scale, as well as the excitation of magnons with wavelength controlled by the TG period; the scattering of EUV light by short-wavelength magnons is yet another unexplored phenomenon that can be studied using the EUV TG approach.

Most generally, the results presented here represent the first time-resolved FWM experiment carried out by exclusively using EUV pulses. The capability to perform these experiments represents an advance in nonlinear optics. These initial data strongly suggest that resonant enhancements of the nonlinear susceptibility (e.g., by tuning the wavelengths of the input field to core-hole excitations) are needed to detect the ultrafast electronic response and would allow the realization of nonlinear spectroscopies of electronic excitations with chemical selectivity ([@R37]). These experiments can be exploited in a range of studies, spanning from correlations between core and valence electronic excitations to charge and energy transfer processes between selected atoms in a molecule. As in nonlinear spectroscopy in other spectral ranges, we can envision extension of the current approach to EUV photon echoes, multiple quantum measurements, and coherent multidimensional spectroscopy, including variations that require full-phase coherence among multiple EUV fields.

While we anticipate a number of exciting advancements enabled by the EUV TG technique, other unanticipated developments are likely to emerge. We believe that EUV TG capabilities will be further exploited by a broad cross section of researchers in optics, condensed matter, and materials science. We also expect that the expansion of the TG approach in the hard x-ray range will open further exciting opportunities.

MATERIALS AND METHODS
=====================

Optical setup
-------------

The optical system for EUV TG experiments presents critical aspects, for instance, the mandatory use of reflective optics, which have required huge technical efforts before making EUV TG experiments a reality; further technical details on the setup can be found elsewhere ([@R20]). The three EUV pulses were generated from a single FEL pulse using the edges of two splitting flat mirrors (PM1 and PM2) working in the vertical and horizontal plane, respectively. Half of the FEL pulse wavefront impinging on the edge of PM1 is sent, through two plane mirrors (PM3 and PM4), to a DL consisting of four multilayer-coated mirrors working at a 45° angle of incidence and designed to reflect, with high efficiency, the (vertically polarized) radiation at λ~pr~, which is used as "probe." The right-angle design allows the exploitation of a large Δ*t* range (up to a few nanoseconds), which is necessary to detect the relatively slow lattice dynamics, and for compensating the change in the optical path length when 2θ is changed. The beam emerging from the DL was focused by a toroidal FM (FM~pr~). The half beam not intercepted by PM1 was further split into two halves by PM2, and these two "pump" beams were finally focused by two toroidal FMs (FM~ex,A~ and FM~ex,B~) to generate the EUV TG. Different pairs of mirrors were used to change the value of 2θ, which was fixed at 27.6° for the present experiment. The two pump beams and the probe one lie on the same (horizontal) plane. The spot size at the sample was about 150 × 150 μm^2^ for the pump beams and 100 × 100 μm^2^ for the probe one. The EUV TG signal was detected by an in-vacuum charge-coupled device (CCD) camera (MTE, Princeton Instruments), placed on a translational stage, and positioned along the expected signal direction.

The instrumental design foresees the use of different EUV wavelengths for generating (λ~ex~) and probing (λ~pr~) the TG, with λ~ex~/λ~pr~ = 3. In this case, the optimized phase matching conditions (Bragg scattering) were achieved when the angle of incidence of the probe was θ~pr~ = sin^−1^\[sin(θ)/3\], with the signal beam propagating along θ~sig~ = −θ~pr~. The signal was thus emitted in a vastly different direction from those of the (much more intense) input beams that have angular offsets of at least ±2θ/3. Such a "background-free" condition is typical of noncollinear wave-mixing experiments, as TG, and is largely favorable in terms of signal-to-noise ratio. The use of two distinct wavelengths also allows us to filter out the spurious scattering from the pump by placing a solid-state filter (SSF) in front of the detector, while two SSFs placed before M~A~ and M~B~ (see [Fig. 1A](#F1){ref-type="fig"}) can be used to suppress the FEL radiation at λ~pr~ that propagates collinearly with the two pump pulses. For instance, in fig. S1A, we show the filtering used for acquiring the data reported in [Fig. 2B](#F2){ref-type="fig"}.

Experimental details
--------------------

The experiment was carried out by keeping θ~pr~ fixed at 4.5° and 2θ at 27.6° and using λ~ex~ values of 53.4, 39.9, and 13.3 nm to obtain *L*~TG~ = λ~ex~/2sin(θ) = 110, 85, and 28 nm, respectively. The value of λ~pr~ was set to λ~ex~/3 to fulfill the Bragg condition, except for data at *L*~TG~ = 28 nm, where λ~pr~ = λ~ex~ = 13.3 nm. In the latter configuration, the filtering at the detector was ineffective; however, the signal-to-noise ratio was still tolerable because the EUV TG signal was emitted at an angle, θ~sig~ = sin^−1^\[sin(θ~pr~) − λ~pr~/L~TG~\] ≈ −23.4°, far enough from the input trajectories of the excitation pulses (i.e., ±13.8°). Furthermore, because this geometry does not fulfill the Bragg condition, the total signal is expected to decrease by a factor sinc^2^(Δ*k L*~z~/2), where Δ*k* = 2π\|cos(θ~sig~) − cos(θ~pr~)\|/λ~pr~ is the wave vector mismatch and *L*~z~ is the grating thickness. The latter can be regarded as the shorter length between the sample thickness (*L*~sam~) and the absorption length of the pump (*L*~abs,ex~).

Two different FEL settings were used to achieve the aforementioned conditions: (i) Data at *L*~TG~ = 110 nm were acquired using the FEL1 source with the fundamental emission at 53.4 nm (λ~ex~), and the third harmonic content was enhanced by tuning one-third of the undulators to 17.8 nm (λ~pr~); (ii) data corresponding to *L*~TG~ = 85 nm were acquired using the FEL2 source ([@R17]), with the first amplification stage tuned at 39.9 nm (λ~ex~) and the second one at 13.3 nm (λ~pr~). The conditions used to collect data at *L*~TG~ = 28 nm (i.e., λ~ex~ = λ~pr~ = 13.3 nm) were readily obtained from the latter FEL configuration by removing the SSFs from the pump branch lines and by inserting a Zr filter upstream of the whole system to cut the unnecessary radiation at 39.9 nm. In all settings, the polarization was linear vertical and the repetition rate was 50 Hz. The estimated FEL pulse duration is in the 40- to 70-fs range (shorter pulses at shorter wavelengths), substantially shorter than the observed dynamics. The seeding scheme adopted at the FERMI FEL allowed us to achieve almost Fourier transform--limited pulses and high stability in the output photon parameters, which were monitored on a shot-to-shot basis by a dedicated diagnostic system. The intensity fluctuations were on the 10% level, while the jitters in the central wavelength and pointing were well within the bandwidth and spot size at the sample, respectively.

The use of the FEL2 source allowed us to maximize the intensity of the probe radiation at the source, hence compensating for the lower throughput of the probe branch line, mainly due to the four multilayer mirrors in the DL. Typical intensities at the source (estimated intensities at the sample) for the pump/probe beams were 30/3 μJ (1/0.1 μJ) in the case of FEL1 source (λ~ex~ = 53.4 nm and λ~pr~ = 17.8 nm) and 25/40 μJ (2.5/2 μJ) in the case of FEL2 source (λ~ex~ = 39.9 nm and λ~pr~ = 13.3 nm); the estimated pump/probe intensity at the sample was about 10/1.5 μJ when λ~ex~ = λ~pr~ = 13.3 nm. The samples were Si~3~N~4~ membranes (Silson Ltd.) with thickness (50 nm) shorter than the absorption length at λ~pr~ (i.e., *L*~abs,pr~ = 65/110 nm at λ~pr~ = 17.8/13.3 nm) to mitigate the signal loss due to low sample transmission; the absorption length at λ~ex~ = 53.4/39.9/13.3 nm was *L*~abs,ex~ = 10/17/110 nm. The absorption length of the pump and probe radiation in Si (sample provided by Norcada) was 150 and 350 nm, respectively. The excitation energy density was in the 10/1 J/mm^3^ range for Si~3~N~4~/Si, and no sample damage was observed after prolonged (some hours) FEL exposure.

Data reduction
--------------

For each step in Δ*t*, we acquired signal images (i.e., with all FEL beams ON) with an exposure time corresponding to 1000 to 3000 FEL shots (exposure time constant in a given scan). Background images (both pump ON/probe OFF and pump OFF/probe ON) with the same exposure time were collected every five Δ*t* steps; a full scan lasted about 6 to 10 hours. Examples of signal, background, and background-subtracted images are shown in fig. S1B. The pump OFF/probe ON images also serve to check the eventual generation of a permanent grating on the sample surface. After background subtraction, we assumed that the EUV TG signal intensity was proportional to the total number of counts into the region of interest containing the signal beam (ROI~sig~) minus those in a nearby region of interest (ROI~prox~), where no signal was present. The counts were then normalized by the product of the relative intensities of the three input beams (with respect to the average intensity in the whole dataset), *I*~ex~^2^(Δ*t*)*I*~pr~(Δ*t*)/(\<*I*~ex~^2^\>\<*I*~pr~\>), and converted into a number of photons by using the detector parameters (1 photon ≈ 15/12 analog to digital units (ADU) counts at 13.3/17.8 nm) and accounting for the sample and filter transmission (in all configurations, a 150-nm-thick Zr filter was placed in front of the CCD detector). The values of *I*~ex~(Δ*t*) and *I*~pr~(Δ*t*) were determined by combining the information from the I0 monitor and EUV spectrometer in the photon diagnostic system upstream of the beamline; note that *I*~ex~(Δ*t*) = *I*~pr~(Δ*t*) for the data at *L*~TG~ = 28 nm. This data reduction procedure results in a smoother waveform; however, the main features of the signal (i.e., the thermal decay and phonon modulations) are already evident from the raw signal, as shown in fig. S1D for the data at *L*~TG~ = 85 nm; similar results have been found in the other cases.

Error bar estimate
------------------

A rigorous determination of the error bars would require the acquisition of several data in identical conditions, which has not been possible in the present case because of the long acquisition time for a single waveform. However, a reasonable estimate can be provided by analyzing the scans where more than one signal image has been collected at each Δ*t* step and those repeated more than one time in similar conditions, even if in a limited Δ*t* range. This analysis is proposed in fig. S1E, from which one can infer an overall uncertainty of about 15%. This value is larger than the statistical error expected from the total ADU counts (typically \>10^3^) observed within ROI~sig~ and above the noise level (typically \<0.1 photons/shot) estimated from the data at Δ*t* \< 0 (e.g., see [Fig. 2D](#F2){ref-type="fig"}). This uncertainty could be due to jitters and drifts in the FEL pointing and/or other subtle parameters, for instance, the intensity distribution across the wavefront of the FEL beams, which cannot be accounted for by the data reduction procedure. However, it is worth noting that the "quality" of the present FEL pump/FEL probe data surpasses those from the few time-resolved experiments carried out on condensed matter by exclusively using FEL pulses. This highlights the great advantage of the "background-free conditions," inherently related to the noncollinear wave-mixing approach used in the present work (and generally applicable also in other contexts).

Data analysis
-------------

To quantify the parameters characterizing the signal waveform, we used a basic data analysis, having the advantage of not relying upon specific modeling and consisting in an exponential function to estimate the slow decay (τ) and a Fourier transform to extract the oscillation frequency (ν). The TG signal intensity (*I*~sig~) is quadratic with respect to the strain amplitude changes induced by the TG ([@R4], [@R6], [@R18], [@R21], [@R22]), and the thermoelastic response can be approximated by$$\left. I_{\text{sig}} \right.\sim{\mid A_{\text{th}}\text{exp}(‐\Delta t/\tau_{\text{th}}) + \Sigma_{i}A_{i}\text{exp}(‐\Delta t/\tau_{i})\text{cos}(2{\pi\nu}_{i}\Delta t) \mid}^{2}$$where *A*~th~ and τ~th~ are the amplitude and time decay of the thermal relaxation, respectively, while *A*~i~ and τ~i~ are those of the coherent phonon excitations. Therefore, the exponential decay of the signal is characterized by a time constant τ~th~/2 (red lines in [Fig. 2](#F2){ref-type="fig"}), while the decay rate of the ν~i~ modulations, τ~th~^−1^ + τ~i~^−1^, is determined by both the thermal and phonon decay. Consequently, the oscillations at ν~i~ in the signal appear as damped even if the coherent phonon excitations do not decay at all in the probed time scale. This is the expected situation for both samples, because the time decay of LA phonons is expected to be about one order of magnitude longer than τ~th~ ([@R38]). According to [Eq. 1](#E1){ref-type="disp-formula"}, the signal should also contain components oscillating at 2ν~i~, with decay rates of 2/τ~i~, that would persist beyond the thermal relaxation. We investigated this behavior in our previous experiment with an optical probe ([@R18]); however, in the present study, our measurements lack a sufficient range in Δ*t* and signal-to-noise ratio for determining the 2ν~i~ oscillating term. We estimated τ~th~ from the best fit of the data to [Eq. 1](#E1){ref-type="disp-formula"} with *A*~i~ = 0 (red lines in [Figs. 2, A to C](#F2){ref-type="fig"}, and [4](#F4){ref-type="fig"}), which resulted, respectively, in τ~th~ = 750 ± 190 ps, 370 ± 50 ps, and 42 ± 9 ps for *L*~TG~ = 110, 85, and 28 nm (for Si~3~N~4~) and in τ~th~ = 73 ± 12 ps for Si at *L*~TG~ = 110 nm. The value of the thermal diffusivity, *D*~th~ = 470 ± 90 nm^2^/ns, estimated from data in [Fig. 3B](#F3){ref-type="fig"}, is in the range of the values reported in the literature ([@R24]). However, we have to notice that the thermal properties of Si~3~N~4~ membranes show large variations, even in samples from the same batch ([@R24], [@R35], [@R39], [@R40]). For instance, values as different as 500 nm^2^/ns ([@R24]) and 2500 nm^2^/ns ([@R40]) were reported for different fabrication procedures, compositions, residual stress, thickness, etc.

After subtraction of the corresponding *A*~th~ exp{−2Δ*t*/τ~th~} terms from the signal, the residual waveforms are Fourier-transformed to determine their spectral content (the results are shown in fig. S1F). The main peak matches the frequency expected for LA phonons, as discussed in the main text (see [Fig. 3A](#F3){ref-type="fig"}), while weaker peaks at low frequencies and at 2ν can be perceived above the noise level. However, higher quality data and an extended Δ*t* range are needed to investigate these features.
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Fig. S1. Experimental details.
